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Abstract
The pregenomic RNA (pgRNA) of hepadnaviruses serves a dual role: as mRNA for the core (C) and polymerase (P) synthesis and as an RNA
template for viral genome replication. A question arises as to how these two roles are regulated. We hypothesized that the P protein could suppress
translation of the pgRNA via its interaction with 5′ stem–loop structure (ε or encapsidation signal). Consistent with the hypothesis, we observed
up-regulation of the C protein level in the absence of the P protein expression in a physiological context. Importantly, translational suppression
depended on the 5′ ε sequence. Furthermore, the impact of the P protein on ongoing translation of the C ORF was directly demonstrated by
polysome distribution analysis. We conclude that the P protein suppresses translation of the pgRNAvia a mechanism involving its interaction with
the 5′ ε sequence, a finding that implicates the coordinated switch from translation to genome replication.
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Hepatitis B virus (HBV) is a prototype of the Hepadnaviri-
dae family, which includes duck hepatitis B virus (DHBV) and
woodchuck hepatitis virus (WHV) (Ganem and Schneider,
2001). Although they contain a DNA genome, hepadnaviruses
replicate their genome via reverse transcription of an RNA
template (pregenomic RNA or pgRNA). DNA synthesis begins
with the selective encapsidation of the pgRNA, a process that
requires two viral proteins, the core (capsid or C) and the
polymerase (reverse transcriptase or P). Encapsidation proceeds
via recognition by the P protein of a stem–loop structure (epsilon
or ε) located near 5′ terminus of the pgRNA (Hirsch et al., 1991;
Junker-Niepmann et al., 1990). Sequential synthesis of a minus-
strand DNA by reverse transcription and then synthesis of the
plus-strand DNA are carried out by the P protein within nucleo-
capsids (Seeger and Mason, 2000).
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mRNA for the C and P proteins, but also as an RNA template
for viral genome replication. Early during infection, the pgRNA
first serves as an mRNA to synthesize the C and P proteins.
Encapsidation would occur only after the C and P proteins, both
of which are essential for encapsidation, accumulate above a
threshold level. Translation and encapsidation are not only
temporally linked but also may be mechanistically related
processes.
In contrast to encapsidation mechanisms of other viruses, the
hepadnavirus P protein rather than the C protein is the viral
determinant that directs selective encapsidation of the pgRNA
via its binding to the 5′ ε stem–loop structure (Bartenschlager
et al., 1990). In fact, the P–5′ ε interaction triggers not only
encapsidation but also the initiation of reverse transcription
(Nassal and Rieger, 1996; Tavis et al., 1994). The integrity of
the ε stem–loop structure is critical for encapsidation (Knaus
and Nassal, 1993; Pollack and Ganem, 1993). However, the
stem–loop structure is most likely disrupted by the translating
ribosome during an early step of translation (Gebauer and
Hentze, 2004; Nassal et al., 1990). Furthermore, the fact that the
initiator codon of the C ORF constitutes the lower stem of ε
necessitates that the stem–loop structure unfolds for the proper
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flicting folding requirements, we presumed that the two processes
of translation and encapsidation are inherently competitive, given
that they share a common pgRNA pool (Fig. 1). How and to what
extent these events are regulated is not understood.
In eukaryotes, it is established that secondary structures such
as stem–loops present 5′ to the initiator AUG impede trans-
lation (Gebauer and Hentze, 2004). For instance, translation of
ferritin mRNA is negatively regulated by a stem–loop structure
(iron-responsive element or IRE) present proximal to the cap
that binds iron regulatory protein (IRP-1), and this interaction
is essential for translational suppression of ferritin mRNA
(Muckenthaler et al., 1998). The pgRNA parallels structure and
regulatory mechanisms of ferritin mRNA in two respects: the
presence of the stem–loop structure 5′ to the initiator AUG and
the existence of a cognate binding protein.
Similarities between the pgRNA and ferritin mRNA led us to
consider that translation of the pgRNA is negatively regulated
by the interaction between P and 5′ ε. Thus, we hypothesized
that the P protein could suppress translation of pgRNA (Fig. 1).
In accord with our hypothesis, we found that the P protein
indeed suppresses the translation of the pgRNA via a mecha-
nism involving its interaction with the 5′ ε structure, uncovering
a novel regulatory role of the P protein during viral genome
replication.
Results
The P protein inhibits translation of the C ORF in a
physiological context
We hypothesized that the HBV P protein down-regulates
translation of viral proteins encoded by pgRNA (Fig. 1). To
evaluate this hypothesis, we examined the effect of the P protein
on translation of the C ORF. We employed the over-the-genome
length HBV construct to observe the effect of the P protein on
the pgRNA translation in a physiological context. The WT and
its P-null counterpart are diagrammed in Fig. 2A. Each con-
struct was transfected into HEK293 cells and three days post-
transfection, C protein synthesis was measured by Western blotFig. 1. A schematic diagram depicting a model for translational suppression by the P
stem–loop structure of 5′ ε of the pgRNA is depicted. The position of the initiator AU
arrow. (Right) The region encompassing the 5′ ε is denoted by a double-headed ar
required for encapsidation of the pgRNA, while the stem–loop structure would be dis
translation of the pgRNA by stabilizing 5′ ε stem–loop structure.analysis. As our hypothesis predicts, Western blot analysis
showed that the C protein level in cells transfected with the
P-null construct was increased bymore than 50% relative to cells
transfected with the WT construct (Fig. 2B, lanes 2 and 3). An
interpretation of the data is that P protein suppresses translation
of the pgRNA. HBsAg (gp27 and p24) expressed from trans-
fected constructs served as transfection control, eliminating a
possibility that the difference in C protein level is attributed to
that in transfection efficiencies. To validate the above findings
by using hepatoma cells, similar transfection was carried out in
Huh7 cell, a human hepatoma cell line. Consistently, the up-
regulation of C protein was also observed in Huh7 cell (Fig. 2B,
lane 4 versus 5). Native agarose gel analysis of HBV capsid was
performed instead to monitor the C protein level, as the C protein
expressed in Huh7 cell was barely detectable with anti-core
antibody in Western blot analysis (data not shown). Therefore,
for the remainder of the study, HEK293 cell was employed,
wherein the C protein was more readily detectable by Western
blot analysis. Furthermore, in comparison to Huh7 cells, the
comparable level of viral genome replication observed in
HEK293 cell validated utilization of HEK293 cells (data not
shown).
To substantiate the impact of the P protein on the C ORF
translation, we examined the effect of overexpression of P
protein on translation of the C ORF by transfecting pCMV-
FLAG-P plasmid (hereafter referred to as the P expression
plasmid), from which the P protein harboring three copies of
FLAG epitope on its N-terminus is expressed. The activity of
the FLAG-P protein was confirmed by its ability to complement
the P-null construct in supporting viral genome replication, as
detected by Southern blot analysis (data not shown). Cells were
transfected with the P-null construct along with increasing
amounts of the P expression plasmid. Core protein was mea-
sured at 3 day post-transfection by Western blot (Fig. 2C). The
data showed that the C protein level was reduced upon ex-
pression of P protein in a dose-dependent manner. Notably, the
level of C protein synthesized was inversely correlated with the
amount of P protein expressed. These results clearly demon-
strated that P protein suppresses translation of the C ORF,
corroborating the translational suppression observed above inprotein where P competes with ribosome for binding to the pgRNA. (Left) The
G of the C ORF that constitutes the lower stem of the ε structure is denoted by an
row. The recognition of the 5′ ε stem–loop structure by the P protein (oval) is
rupted by scanning ribosomes. We hypothesized that the P protein suppresses the
Fig. 2. Translational suppression of the C ORF upon P protein expression. (A) Map of two over-the-genome length HBV constructs. Shown on the top is a schematic
diagram of the pgRNA that is transcribed from the WT construct. The C and P ORFs which are in different reading frames are indicated by a dark and a gray box,
respectively. The P-null counterpart of the WT construct is shown below. The frame-shift mutation introduced in the P ORF is denoted. (B) Up-regulation of the C
protein in the P-null transfected cells. Western blot analysis (left). Cells were transfected with either the WTor P-null construct as indicated above the lanes. Three days
post-transfection, C protein was detected by anti-core antibody. Actin served as a loading control. C protein levels in the WT transfected cells were set to 100%. Data
presented are the means±standard deviations of experiments performed in triplicate. Native agarose gel analysis (right) of capsids isolated from transfected Huh7 cell
was performed as described in Materials and methods. (C) Western blot analysis. Cells in 35 mm plates were transfected with the P-null construct (2 μg), along with an
incremental amount of the P expression plasmid DNA: 0.5 μg, 1 μg, and 2 μg, respectively. C protein was detected with an anti-core antibody and the P protein was
detected with anti-FLAG antibody. (D) RNase protection analysis (RPA). Cells were similarly transfected as indicated above lanes. RPAwas carried out to examine the
pgRNA, as detailed in Materials and methods. Riboprobes for the detection of HBV pgRNA and GAPDHmRNA are denoted by the rightward closed and open arrows,
respectively. Yeast RNA was used as a nonspecific RNA control. GAPDH mRNA served as a loading control. The protected fragments that are derived from the
pgRNA and GAPDH mRNA are denoted by the leftward closed and open arrows, respectively.
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sible that the reduction in the C protein level is attributed to that
in the pgRNA level, since a modest reduction of the viral
pgRNA by the P protein was reported in DHBVmodel (Cao and
Tavis, 2006). The formal possibility was eliminated by RNase
protection analysis (RPA) analysis (Fig. 2D), as pgRNA level
remained unaltered upon the P protein expression.One concern in these experiments was that the modest re-
duction of the C protein level seen in the WTconstruct in Fig. 2B
could be attributed to sequestration of the pgRNA resulting from
encapsidation occurring in the WT transfected cells, while en-
capsidation cannot occur in the P-null transfected cells. To address
this concern, we prevented nucleocapsid formation by employing
an assembly-defective C allele (i.e.,ΔL42 or deletion of the 42nd
Fig. 3. Translational suppression also was observed in the absence of capsid assembly. (A) Map of two HBV constructs harboring the capsid assembly-defective allele
of the C ORF. The modification introduced in the C ORF of the WT and the P-null construct is denoted by ΔL42, which represents the deletion of the leucine at
position 42 of the C ORF (Koschel et al., 2000). Symbols are as shown in Fig. 2A. (B) Western blot analysis was performed as described in Fig. 2B. C protein levels in
theWT-ΔL42 transfected cell were set to 100%. Data presented are the means±standard deviations of experiments performed in triplicate. (C, D)Western blot analysis
and RPA. Experiments were carried out essentially as shown in Figs. 2C and D, except that the P-null ΔL42 construct was employed for transfection. Symbols are as
shown in Figs. 2C and D.
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et al., 2000). Thus, the ΔL42 allele was introduced in both WT
and the P-null constructs (Fig. 3A). The assembly-defective
phenotype of theΔL42 variant was confirmed by sucrose density
gradient analysis and native agarose gel electrophoresis (data not
shown). Cells were transfected as indicated in Fig. 3B and at 3
days post-transfection, C protein was measured by Western blot
analysis. Up-regulation of C protein synthesis was nevertheless
observed in the absence of P protein (Fig. 3B, lane 3), arguing thatthe reduction of the pgRNA pool resulting from encapsidation
cannot fully account for the reduction in the level of C protein
observed in theWT transfected cells. Likewise, overexpression of
the P protein displayed a dose-dependent suppression of the C
protein translation under the condition, where capsid assembly is
precluded (Fig. 3C). RPA analysis confirmed that the pgRNA
level was comparable, regardless of the P expression level
(Fig. 3D). Overall, the data validated our hypothesis that the P
protein acts as a translational suppressor of the pgRNA.
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suppression
It is well established that the P protein recognizes the pgRNA
via its binding to the 5′ ε for the selective encapsidation (Hirsch
et al., 1991; Jeong et al., 2000; Junker-Niepmann et al., 1990). A
question then arises as to whether the P protein directs the trans-
lational suppression via binding to the 5′ ε structure. To address
this question, two constructs, Δ5′ ε-WT and Δ5′ ε-P-null, were
made in which the 5′ ε sequence was deleted (Fig. 4A). Western
blot analysis of lysates from transfected cells was performed as
above. The data showed that the level of C protein detected in
the Δ5′ ε-P-null transfected cells was comparable to that of the
Δ5′ ε-WT transfected cells (Fig. 4B), suggesting that the 5′ ε of
the pgRNA is required for translational suppression by the P
protein. RPA analysis performed in parallel showed that the
pgRNA level was comparable between Δ5′ ε-WT and Δ5′ ε-P-
null transfected cells (Fig. 4C). These data are consistent with a
notion that the P protein suppresses translation of the CORF via a
mechanism involving the P protein–5′ ε interaction.
Translation of the second P ORF is similarly suppressed by P
protein expression
The pgRNA is a bicistronic mRNA that encodes two
overlapping ORFs (Fig. 2A). It was of interest to determine
whether the second ORF is subjected to translational regulation
by the P protein similar to the first ORF. Since the product of the
2nd ORF is the P protein itself, the P ORF needed to be ablated.
Thus, we generated a reporter construct ε-C⁎-Luc in which the
second ORF of the pgRNA was entirely replaced by theFig. 4. Translational suppression depends on the 5′ ε. (A) The map of two HBV constr
(Δ) of 5′ ε sequence is denoted. (B, C) Western blot analysis and RPA. Cells were tra
and RPAwere performed as shown in Figs. 2B and D. The C protein level in the Δ5′
deviation of experiments performed in triplicate. Symbols are as shown in Figs. 2Bluciferase ORF (Fig. 5A). In this construct, the C reading frame
ends at a termination codon that is fortuitously encountered in
the luciferase gene. In parallel, an ε-Luc construct also was made
in which the C ORF was largely replaced by the luciferase ORF,
except that the first three codons of the C ORF that constitute the
lower stem of the stem–loop structure were retained (Fig. 5A).
Cells were transfected with the reporter constructs and 3 days
post-transfection, the luciferase activity was measured. Con-
sistent with the data shown in Fig. 2C, in cells transfected with
the ε-Luc construct, luciferase activity was proportionally de-
creased as the amount of the P expression plasmid increased,
confirming translational suppression of the C ORF by the P
protein (Fig. 5B). Moreover, the data revealed that the 5′ ε
sequence is the only viral sequence required for the translational
suppression, as the 5′ ε sequence is the only viral sequence present
in the ε-Luc construct. Importantly, translation of the second
P ORF was similarly suppressed by the P protein (Fig. 5C), as the
luciferase activity was reduced upon the P protein expression.
RPA performed in parallel showed that the reporter RNA level
remained unaltered upon the P protein expression (Figs. 5D and
E). Intriguingly, the magnitude of suppression by the P protein in
translation of the second ORF was conspicuously comparable to
that of the C ORF, suggesting that translation of both C and P
ORFs encoded by the pgRNA is subject to the similar regulatory
mechanism.
Overexpression of the P protein leads to a reduction of viral
RNA in polysomes
The steady-state level of protein is determined not only by its
rate of synthesis but also by the rate of degradation. To begin toucts lacking either 5′ ε sequences. Symbols are as shown in Fig. 2A. The deletion
nsfected with each construct as indicated above the lanes. Western blot analysis
ε-WT transfected cells was set to 100%. Data presented are the means±standard
and D.
Fig. 5. Translation of the P ORF is similarly suppressed by the P protein. (A) A schematic diagram depicting ε-C⁎-Luc and ε-Luc constructs. Since the P ORF partly
overlaps the C ORF in ε-C⁎-Luc construct, the C-terminal 49 amino acids residues of the C ORF including termination codon were substituted by the luciferase
sequence (grey box). In the ε-Luc-construct, the C ORF is entirely replaced by luciferase gene except for the first nine nucleotides of the C ORF that is shown below.
The initiator AUG codon in the C ORF is underlined. Symbols are otherwise as shown in Fig. 3A. (B). Reporter assay to measure the effect of the P protein on
translation of the first ORF. Cells in 35 mm plates were transfected with the ε-Luc plasmid (0.2 μg), along with an incremental amount (0.05 μg, 0.1 μg, and 0.2 μg) of
the P expression plasmid. The reporter assay was performed as detailed in Materials and methods. (C). Reporter assay to measure the effect of the P protein on
translation of the second ORF. Transfection and reporter assay were performed as above except that the ε-C⁎-Luc plasmid was used. (D, E) RPA. Transfections in
panels D and E were similarly done as shown in panels B and C, respectively. RPAwas performed as shown in Fig. 2D. The riboprobes for luciferase and GAPDH
mRNA are denoted by the rightward closed and open arrows, respectively. The protected fragments that are derived from the luciferase and GAPDH mRNA are
denoted by the leftward closed and open arrows, respectively.
117D.-K. Ryu et al. / Virology 373 (2008) 112–123address how the P protein suppresses ongoing translation of
the C ORF, we examined the distribution of viral RNA in
polysome fractions (Ruan et al., 1997). To measure the impact ofP expression on translation of the C ORF, we decided to employ
a monocistronic mRNA, instead of a bicistronic pgRNA. We
reasoned that the impact of the P protein on the C ORF would be
118 D.-K. Ryu et al. / Virology 373 (2008) 112–123obscured by the P ORF present in the pgRNA (Fig. 2A). Thus,
we generated the ε-C construct (Fig. 6A). The Δε-C construct
was made in parallel. In addition, to prevent nucleocapsid
assembly, ΔL42 allele of the C gene was introduced in both
constructs as above.Cells were transfected with the ε-C construct, either with or
without P expression plasmid. On the third day post-transfec-
tion, cell lysates were prepared and subjected to sucrose density
gradient centrifugation (Fig. 6B). The viral RNAs in each frac-
tion were analyzed by RPA (Figs. 6C and E). In order to assess
Fig. 6. Effect of the P protein on the polysome distribution of the viral RNA. Sucrose density gradient analysis was performed on a 10 to 50% linear sucrose gradient as
described in Materials and methods. (A) A schematic diagram depicting ε-C and Δε-C construct used for polysome analysis. Symbols are as shown in Fig. 3A. (B) UV
absorbance at 254 nm; (C) RPA. HBV RNA in each fraction was measured by RPA. Cells in 100 mm plates were transfected with the ε-C construct with or without the P
expression plasmid. Cell lysates treatedwith EDTA served as amarker for nonpolysomal fractions. Fractions corresponding to nonpolysomes and polysomes are denoted by
double arrowed lines. The protectedHBVRNA is denoted by an arrow. Representative results of at least three experiments are shown. (D) Quantitative representation of the
viral RNAdistribution in polysomegradients obtained in panelC.The amount ofHBVRNAdetected byRPA is represented as percentage of total recovered amounts plotted
against the fraction number. (E) RPAwas performed as in panel C, except that cells were transfectedwithΔε-C construct with or without the P expression plasmid. (F) RPA
was performed as in panel C, except that the riboprobe for GAPDH mRNAwas used. The protected fragments were denoted by open arrows.
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EDTA. The fact that the EDTA treatment dissociates polysomes
into nonpolysomes (i.e., 40S and 60S subunits) allowed us to
demarcate nonpolysome fractions, as shown in Fig. 6C (lowerpanel) (Ruan et al., 1997). RPA data revealed that the pgRNA
associated with the polysome fractions was significantly
decreased upon the P protein expression (Fig. 6C). Importantly,
the decrease in the amount of the RNA in the polysome fractions
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RNA in the nonpolysome fractions (Fig. 6D). These data
provide direct evidence that the P protein suppresses translation
of the C ORF, as evidenced by a reduction in the level of pgRNA
associated with polysomes upon expression of the P protein.
In addition, a similar polysome analysis of cells transfected by
Δε-C construct (Fig. 6A) revealed that the distribution of the
viral RNA remained essentially unaltered upon expression of the
P protein (Fig. 6E), confirming that 5′ ε is critically required for
translational suppression. In parallel, GAPDH mRNA was as-
sessed as a host mRNA control, revealing that the host mRNA
remained unaltered upon the P protein expression (Fig. 6F).
Taken together, polysome analysis substantiated the translation-
al suppression of the pgRNA observed byWestern blot analysis.
Discussion
Understanding the regulation of the pgRNA at the molecular
level is central to our understanding hepadnaviral genome re-
plication. As stated above, the pgRNA serves not only as an
mRNA but also as an RNA template for viral genome repli-
cation. Toward understanding how these two processes that
share a common RNA template are coordinated, we present
evidence that the P protein suppresses translation of pgRNAvia
a mechanism involving the P protein–5′ ε interaction. In addi-
tion to its catalytic role, the data presented here implicate a novel
regulatory role of the P protein in coordinating the switch from
translation to the genome replication.
The data presented here are consistent with our hypothesis
depicted in Fig. 1. First, although the extent of translational
suppression was modest in an experiment involving the over-
length HBV construct, but the suppression was reproducibly
detected (Fig. 2B). It should be noted that many findings
here were made in a physiological context where appropriate
amounts of viral proteins are present. Furthermore, the reduction
of the C protein level seen in WTwas not merely attributable to
sequestration of the pgRNA resulting from encapsidation, be-
cause comparable reduction of the C protein was observed, even
when nucleocapsid assembly-defective allele of the C protein
was used (Fig. 3B). Second, the overexpression of the P protein
substantively reduced the translation of the pgRNA in a dose-
dependent manner, as detected by Western blot analysis
(Fig. 2C) and by the luciferase reporter assay (Fig. 5). Third,
the translation suppression by the P protein also was demon-
strated by polysome distribution analysis, a read out that is
indicative of the ongoing translational activity of a given mRNA
(Fig. 6). In addition, two sets of the data presented here implicate
that the translation suppression by the P protein occurs via
its interaction with the 5′ ε sequence. First, by Western blot
analysis, we showed that the 5′ ε sequence is required for the
translation suppression (Fig. 4). Secondly, by polysome dis-
tribution analysis, we showed that 5′ ε sequence is critical for the
translation suppression (Fig. 6). Based on these observations, we
concluded that the P protein suppresses the translation of the
pgRNA via a mechanism involving the P–5′ ε interaction.
Translation suppression by the hepadnaviral P protein has been
previously reported in the DHBV model (Howe and Tyrrell,1996). However, in this DHBV study, an internal RNA sequence
instead of 5′ ε was shown to mediate suppression. DHBV differs
from HBV in that, in addition to the 5′ ε sequence, an internal
RNA sequence known as a region II is required for encapsidation
(Calvert and Summers, 1994; Ostrow and Loeb, 2002). Thus, the
precise mechanism of translational suppression attributed to
region II of DHBV likely differs from that of HBV. It should be
noted, however, that the contribution of the P–5′ ε interaction to
translational suppression in the DHBV study could not be exam-
ined since the viral RNA used lacked 5′ ε sequences (Howe and
Tyrrell, 1996). Nonetheless, it is worthy of note that translational
suppression is conserved from avian to mammalian hepadna-
viruses, although the precise mechanism for the suppression may
differ.
The mechanism by which the P protein suppresses the trans-
lation of the pgRNA remains to be determined. We envision
two distinct mechanisms that are not mutually exclusive. First,
translational suppression by upstream secondary structures has
been well documented in ferritin mRNA (Muckenthaler et al.,
1998), in which the binding of IRP-1 to the stem–loop structure
IRE is essential for the translational suppression. Likewise, it is
likely that the 5′ stem–loop structure that is stabilized upon P
protein binding could impede translation initiation. Secondly,
our preliminary data have revealed a direct interaction between
cap-binding protein eIF4E and the P protein (S. Kim,W.-S. Ryu,
unpublished observations). Such an eIF4E–P interaction could
underlie the mechanism of translational suppression of the
pgRNA. For instance, the P protein, while bound to 5′ ε and
eIF4E, could prevent eIF4E from functioning as a translation
initiation factor, thereby down-regulating translation.
What is the biological significance of the translational
suppression of the pgRNA in the context of the viral genome
replication? The results presented here suggest that translational
suppression is most likely linked to encapsidation. First, the 5′ ε
was shown to be required for pgRNA encapsidation and the
genome replication (Seeger and Maragos, 1990). Intriguingly,
we found that the 5′ ε sequence is also critically required for
translational suppression (Fig. 4). The fact that the P–5′ ε
interaction is commonly required for both encapsidation and
translational suppression suggests that these two processes are
mechanistically linked. The linkage is further supported by an
earlier observation, in that translating ribosomes disrupt
encapsidation signal, implying an exclusive relationship
between translation and encapsidation (Nassal et al., 1990).
One proposal to suggest how these two linked processes are
regulated is that the P–5′ ε interaction directs a switch from
translation to genome replication, thereby streamlining a dual
role of the pgRNA (Fig. 7).
In fact, the switch from translation to genome replication
represents a common problem that all positive-stranded RNA
viruses encounter during the infection cycle (Barton et al., 1999,
2001; Yu et al., 2000). For instance, the template selection for
picornavirus genome replication is triggered by the viral 3CD
polymerase, which causes translational suppression via its
binding to the 5′ end proximal stem–loop cloverleaf structure
(Barton et al., 2001; Gamarnik and Andino, 1998). We note that
hepadnaviruses represent an intriguing parallel to the positive-
Fig. 7. A schematic diagram illustrating the regulatory role of the P protein in coordinating a switch from translation to encapsidation. Three processes in which the
pgRNA is utilized are depicted in temporal order. According to this scenario, the pgRNA is first utilized as the mRNA for synthesis of C and P. The 5′ ε stem–loop
structure is disrupted by scanning ribosome. As the P protein accumulates, it binds to 5′ ε stem–loop structure, thereby suppressing translation. Subsequent recruitment
of core protein dimer by the resulting P-ε ribonucleoprotein complex leads to nucleocapsid assembly. The P–5′ ε interaction leads to not only translation suppression
but also encapsidation, thus linking these two processes. It should be noted that the switch occurs at the level of the individual pgRNA molecule, not at the level of
infection cycle. For clarity, only the RNA segment spanning the 5′ ε of the pgRNA is drawn. The AUG represents the initiation codon of the C ORF.
121D.-K. Ryu et al. / Virology 373 (2008) 112–123stranded RNAviruses in that the binding of the viral P protein to
the 5′ cap proximal stem–loop structure plays a critical role in
template selection for genome replication. Although they are
unrelated, both hepadnaviruses and positive-strand RNA
viruses must have evolved to adopt a kin strategy in utilizing
an RNA template for both translation and genome replication
(Ahlquist, 2006).
Materials and methods
Cell culture and transfection
HEK293 and Huh7 cells were grown in Dulbecco's
Modified Eagle's medium (DMEM) supplemented with 10%
fetal bovine serum (GIBCO-BRL) and 10 μg of gentamycin per
milliliter at 37 °C in 5% CO2 and were passaged every third day.
HEK293 cells were transfected using polyethylenimine (PEI)
(25 kDa, Aldrich) as described before (Pollard et al., 1998).
Briefly, cells were plated at a confluency of 90–100%. Equal
amounts of plasmid DNA and PEI (4 μg per 35 mm plate, 12 μg
per 60 mm plate, 30 μg per 100 mm plate) were diluted with
serum free DMEM. DNA and PEI were mixed and incubated
for 10 min at room temperature. Cells were washed with
DMEM and then overlaid with the DNA–PEI complex solution.
After 3 h, cells were rinsed and fed with fresh media. Transfec-
tion efficiencies of 40 to 50% routinely were obtained. Huh7
cells were transfected using a calcium phosphate as previously
described (Jeong et al., 2000).
Plasmid construction
The nucleotide sequence of the HBV genome was numbered
starting from the unique EcoRI site of the HBV ayw subtype
(Galibert et al., 1979). All substitution and deletion mutants
were generated by overlap extension PCR protocols as previ-
ously described (Lee et al., 2004). All mutants were sequenced
to confirm the base change. The details of the molecular cloning
of any plasmid construct described in this report will be pro-
vided upon request.The WT HBV construct was previously described (Jeong
et al., 2000). Two modifications were introduced to this plasmid
to generate a P-null counterpart. These modifications included
(i) a frame-shift mutation introduced by deletion of the T nu-
cleotide of the second ATG of the P ORF in theWTHBVand (ii)
a point mutation that changed the first ATG of the P ORF
into ACG without altering amino acid encoded by the overlap-
ping C ORF. To generate a polymerase expression construct (P
expression plasmid or pCMV-FLAG-P), the P ORF was inserted
into pcDNA3 (Invitrogen Inc.). Subsequently, three copies of the
FLAG epitope (p3XFLAG-CMV, Sigma) were inserted in-
frame at N-terminus. To prevent core particle assembly (Koschel
et al., 2000), WT-ΔL42 and P-null-ΔL42 plasmids were
constructed by deleting the 42nd leucine of the C ORF in WT
and P-null constructs. The Δ5′ ε-WT and Δ5′ ε-P-null were
constructed to lack the 5′ ε sequence by deleting nucleotides
1849 to 1902. The ε-Luc construct was constructed by replacing
the C ORF with the luciferase ORF, except that the first nine
nucleotides of the C ORF were retained to maintain the 5′ ε
stem–loop structure. The ε-C⁎-Luc plasmid was constructed by
replacing the P ORF with the luciferase ORF. The ε-C plasmid
was first made by inserting a fragment containing nucleotides
1820 to 2454 encoding the C ORF into pcDNA1/Amp plas-
mid. Subsequently, the assembly defective core allele (ΔL42)
was introduced into the C ORF. The Δε-C plasmid was made
by deleting the 5′ ε sequence between nucleotides 1849 and
1902.
Western blot analysis
Three days post-transfection, cells were treated with lysis
buffer (50 mM Tris–Cl [pH 7.4], 50 mM NaCl, 5 mM EDTA,
1% NP-40, and EDTA-free protease inhibitor cocktail [Roche]).
Equivalent amounts of sample based on the Bradford assay (Bio-
Rad) were mixed with sample buffer (100 mMTris–Cl [pH 6.8],
4% (w/v) SDS, 0.2% (w/v) bromophenol blue, 20% (v/v)
glycerol, 200 mM β-mercaptoethanol). After boiling, the sam-
ples were subjected to 12% SDS-polyacrylamide gel electro-
phoresis. Proteins were then transferred to a PVDF membrane
122 D.-K. Ryu et al. / Virology 373 (2008) 112–123(Immobilon-P; Millipore). Core protein and surface antigen
were detected with a rabbit anti-core antibody (DAKO, 1:2000)
or a goat anti-HBsAg antibody (DAKO, 1:250), respectively.
For the detection of the FLAG tagged P protein, mouse anti-
FLAG M2 antibody (Sigma, 1:5000) was used. Actin was
detected by using a rabbit anti-actin antibody (Sigma, 1:5000).
The proteins were visualized using Western Lightning Chemi-
luminescence Reagent Plus (PerkinElmer). Images were quanti-
fied using LAS-3000 (Fujifilm).
Native agarose gel analysis of nucleocapsids
Native agarose gel analysis of viral nucleocapsids (core
particles) was performed essentially, as described previously
(Melegari et al., 2005; Yu and Summers, 1994). Nucleocapsids
were precipitated from supernatants of transfected cells by poly-
ethylene glycol as previously described (Jeong et al., 2000). The
sample was then centrifuged at 12,000 rpm for 15 min to pellet
capsid particles. Pellets were resuspended in TNE buffer (10 mM
Tris–HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA) and mixed with
6× loading buffer (50% glycerol, 0.1% BPB). The sample was
subjected to 1.2% agarose gel electrophoresis. The gel was trans-
ferred to a PVDF membrane (Immobilon-P; Millipore) through
capillary action in TNE buffer and probed by immunoblotting
with a rabbit anti-core antibody (DAKO, 1:5000), followed by
detection of secondary antibody by chemiluminescence.
RNase protection analysis
RNA was extracted as previously described (Jeong et al.,
2000) and analyzed by RNase protection analysis (RPA) ac-
cording to the manufacturer's instructions (Ambion). The HBV
riboprobe was derived from the core region (nucleotides 1903–
2140) of either WT or ΔL42 core mutant. Riboprobe for the
detection of luciferase RNA was 209 nucleotides RNA
(nucleotide 1271-1480) derived from pGL3-Basic vector
(Promega). Briefly, each sample of RNA was hybridized with
105 cpm of [α-32P] UTP (3000 Ci/mmol; Amersham)-labeled
probe for 16 h at 42 °C. RNase digestion was carried out with
a mixture of RNase A and RNase T1 for 30 min at 37 °C. The
digested products were separated in a 5% acrylamide-8 M urea
gel. Radiographic phosphorimages were quantified using a Bio-
Imaging Analyzer (BAS-2500; Fujifilm).
Reporter assay
Three days post-transfection, cells were harvested and
assayed using Dual Luciferase Reporter Assay System (Pro-
mega) and a TD 20/20 Luminometer (Turner Design Inc.).
Polysome distribution analysis
Isolation of polysomes was performed as described pre-
viously (Ruan et al., 1997). Three days post-transfection, the
culture medium was replaced with pre-warmed medium
containing 100 μg/mL of cycloheximide (Sigma) and incubated
for 15 minutes at 37 °C. Cells were washed with phosphate-buffered saline (PBS) containing 100 μg/mL of cycloheximide
and then harvested and treated with lysis buffer (0.6% NP-40,
20 mM Tris [pH 7.5], 100 mM KCl, 5 mM MgCl2). To assess
the composition of nonpolysomal fractions, cell lysates were
treated with 30 mM EDTA to disrupt polysomes (MacDonald
and Williams, 1992). Following centrifugation for 10 min at
12,000 rpm at 4 °C, supernatants were loaded onto 10 mL of
10–50% sucrose gradient and ultracentrifuged in a Beckman
SW41 rotor for three hours at 39,000 rpm, 4 °C. Twelve 1 mL
fractions were collected manually from the top. Distribution of
RNA across the gradient was monitored by measuring absor-
bance at 254 nm. HBV RNA in each fraction was measured by
RNase protection analysis (RPA).
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